ABSTRACT. Management of polar bear (Ursus maritimus) populations requires the periodic assessment of life history metrics such as survival rate. This information is frequently obtained during short-term capture and marking efforts (e.g., over the course of three years) that result in hundreds of marked bears remaining in the population after active marking is finished. Using 10 additional years of harvest recovery subsequent to a period of active marking, we provide updated estimates of annual survival for polar bears in the Baffin Bay population of Greenland and Canada. Our analysis suggests a decline in survival of polar bears since the period of active marking that ended in 1997; some of the decline in survival can likely be attributed to a decline in springtime ice concentration over the continental shelf of Baffin Island. The variance around the survival estimates is comparatively high because of the declining number of marks available; therefore, results must be interpreted with caution. The variance of the estimates of survival increased most substantially in the sixth year post-marking. When survival estimates calculated with recovery-only and recapture-recovery data sets from the period of active marking were compared, survival rates were indistinguishable. However, for the period when fewer marks were available, survival estimates were lower using the recovery-only data set, which indicates that part of the decline we detected for 2003 -09 may be due to using only harvest recovery data. Nevertheless, the decline in the estimates of survival is consistent with population projections derived from harvest numbers and earlier vital rates, as well as with an observed decline in the extent of sea ice habitat.
INTRODUCTION
The productivity and abundance of harvested wildlife populations must be assessed periodically to determine harvest sustainability. Ideally, the frequency of these assessments would depend on the period over which point estimates of vital rates (survival, reproduction, abundance) remain valid, but realistically, it may be dictated by human and financial capacity. Population assessment of polar bears (Ursus maritimus) requires large financial investment and considerable logistic effort and expertise because of the inherent difficulties of studying this wide-ranging species in remote regions of the Arctic. For several populations of polar bears, these constraints limit how often large-scale mark-recapture studies (e.g., Taylor et al., 2005) or aerial surveys (Aars et al., 2009 ) can be done. Consequently, the quality of information on population status varies widely among the 19 circumpolar populations . Although some populations are studied annually to assess population parameters, most have been studied only once, or periodically at intervals of 10 to 25 years. Some populations have never been assessed (Vongraven et al., in press) .
Historically, the harvest of polar bears has been considered the most significant source of mortality for populations (Prestrud and Stirling, 1994) , and this view has largely fueled the need for periodic population assessments. Climate warming has now emerged as another significant factor: it has been associated with declines in polar bear sea ice habitat, natality, survival, body condition, and population abundance (Stirling and Parkinson, 2006; Wiig et al., 2008; Rode et al., 2012) . More frequent assessments of population status may be warranted because changing habitat can influence vital rates, rendering them valid for a shorter duration. Moreover, because of increased conservation risk, it is incumbent upon managers to design efficient monitoring strategies that use all available information to the fullest extent possible. For polar bear populations that are hunted (i.e., in the United States, Canada, and Greenland), community-based monitoring (CBM) of the harvest provides a valuable supplementary element in evaluation of population status (Vongraven and Peacock, 2011) . CBM of polar bears includes the reporting of the harvest of marked bears (i.e., recovery). Because polar bears are often marked during intensive but short-term field studies, many marked individuals remain in populations after the last year of marking. These marks are often used in mark-recapture-recovery studies (Taylor et al., 2005) , but they also can continue to contribute meaningful information in the absence of a continuous marking effort. In this paper, we evaluate the utility of using information from the harvest recovery of marked polar bears to estimate annual survival in Baffin Bay (Fig. 1) , where conservation concern has increased because of habitat decline, reduction in body condition (Rode et al., 2012) , and long-term overexploitation of the population (Derocher et al., 1998; Lunn et al., 2002; Taylor et al., 2005; Aars et al., 2006; Obbard et al., 2010) .
Status of the Baffin Bay Population
In the mid-1990s, Canada's eastern Northwest Territories (now Nunavut) and Greenland, the jurisdictions sharing management authority for Baffin Bay polar bears, collaborated to assess the status of this population using markrecapture-recovery techniques (Taylor et al., 2005) . Taylor et al. (2005) incorporated data from polar bears (identifiable by tattoo numbers and ear tags) that had been marked, recaptured, or recovered from sporadic efforts (Schweinsburg et al., 1982) in Baffin Bay between 1974 and 1998. (The last year of marking was 1997.) A preliminary estimate of 2200 bears for Baffin Bay based on these data was presented in 1997 (Derocher et al., 1998) . The final estimate of abundance of polar bears was 2074 (SE = 266) for 1994 -97 (Taylor et al., 2005) . Estimated natural survival (i.e., excluding mortality due to harvest) and reproductive rates were high, and consequently, the natural population growth rate was estimated to be relatively high (Taylor et al., 2005) .
Polar bears are managed differently in Canada and Greenland. In Nunavut, harvest quotas have existed since 1968 (Prestrud and Stirling, 1994) . During the 1990s, the annual quota within Nunavut for Baffin Bay was 65 polar bears per year. In 2005, on the basis of updated information on population productivity, this quota was increased to 105 bears per year. In Greenland, although various measures to protect polar bear populations and regulate hunting have been in force since 1974 (cf. Born, 1995) , quotas were not introduced until 2006 (Lønstrup, 2006) . Known harvest of polar bears from both Nunavut and Greenland are reported every four years to the IUCN/SSC Polar Bear Specialist Group and annually to the Federal and Provincial/Territorial Polar Bear Technical Committee of Canada. Population viability analyses based on the preliminary mark-recapture population estimate from 1997 and the harvest reporting suggested that the Baffin Bay population was subject to overexploitation (Derocher et al., 1998) . The combined Greenland-Canada harvest continued to be high during the late 1990s and 2000s. Population projections using these harvest data and vital rates from the mark-recapture study continued to suggest that the combined harvest was unsustainable and that the population would decline (Lunn et al., 2002; Aars et al., 2006; Obbard et al., 2010) . Because of these conservation concerns, the Greenland quota for Baffin Bay has gradually been reduced from 92 animals in 2006 (Born et al., 2010: Table 3 ) to 70 in 2010 (Anon., 2011) . In addition, co-management authorities in Nunavut have implemented a phased reduction in harvesting that will reduce the quota from 105 bears per year in 2010 to 65 bears per year by 2014 (Nunavut Wildlife Management Board letter of decision to the Government of Nunavut, available at http://www.nwmb.com).
In marked contrast to conclusions reached on scientific grounds, some local observers from communities on Baffin Island suggested that the abundance of polar bears in Baffin Bay had increased (Dowsley and Wenzel, 2008) , and some hunters in Greenland also held this view (Born et al., 2011) . In both traditional knowledge studies, however, other hunters suggested that an apparent increase of polar bears near the shore may represent a change in distribution caused by a decrease in sea ice (Dowsley and Wenzel, 2008; Born et al., 2011) . The attempt to resolve the varying perspectives offered by science and traditional knowledge was impaired by a lack of ongoing monitoring necessary to provide new information on population abundance or vital rates. Consequently, some opposition to harvest reduction measures in Nunavut converged on whether the scientific data on productivity and population abundance, collected 10 years earlier, were still valid .
Objectives
We used additional harvest recovery (1999 -2009 ) of marked individuals from Greenland and Canada to (1) provide updated estimates of natural and total survival rates of polar bears in Baffin Bay, (2) examine how the variance of survival estimates changed as a function of time since marking, and (3) examine whether survival estimates differ between data sets comprising only harvest recovery information and data sets including both recapture and recovery data. We also (4) assess whether the sea ice concentration in spring, when polar bears are hyperphagic (Stirling, 2002) , has been declining. Finally, we (5) assess the relationship between annual survival of polar bears and ice metrics for Baffin Bay.
METHODS
We assembled all data on polar bear captures in Baffin Bay (1979 -97) and harvest recovery data for 1979 -2009 from both Greenland (Schweinsburg et al., 1982; Taylor et al., 2005 unpubl. data). Taylor et al. (2005) outline harvest reporting (until 1998), the study area, and capture and marking methods. For the current study (1999 -2009) in Nunavut, the harvest recovery of marked bears was reported by hunters to Department of Environment conservation officers or hunting and trapping organizations in each village. In Greenland, harvest reporting is also mandatory. The harvest of a marked bear is reported on a separate form to the GINR and the Department of Fishery, Hunting and Agriculture in Nuuk. In each country, information on date, location, sex, and approximate age is recorded, and ear tags and tattoo numbers are also submitted. Hunters in both Nunavut and Greenland receive token payment for this harvest information. The mark-recapture-recovery model (Burnham, 1993) requires the incorporation of all tag returns, including those from outside the marking area; therefore, tag returns outside of Baffin Bay ( Fig. 1) were included in the analysis.
Following Taylor et al. (2005), we used the Burnham (1993) recovery-recapture model to estimate total survival (S), recapture (p), and recovery (r) probabilities and their variances. For harvest recovery probability, we incorporated factors allowing recovery to vary with sex and age groupings: juvenile, ages 0 and 1; male non-juveniles; and female non-juveniles. We also examined how recovery and survival varied over time. We grouped years into time periods (timeperiod variable) for modeling of recovery and survival probabilities, because low sample size resulted in parameters hitting boundaries (0 and 1) if allowed to vary annually. Because the calculation of natural survival (S N ; survival not including harvest mortality) is dependent on both total survival and recovery (Ŝ N =Ŝ + (1Ŝ)r) , we used the same groupings of timeperiod for both S and r. To define the time periods, we examined the total recorded harvest in Baffin Bay for temporal patterns ( Fig. 2a) and grouped years into time periods that corresponded approximately to changes in levels of recorded harvest. For example, recorded harvest increased in 2003, so the last time period was 2003 -09. Other time periods spanned approximately 8 years. Season of capture was an important variable describing the survival of polar bears in the earlier study (Taylor et al., 2005) , and therefore both S and r were modeled by season of capture (fall vs. spring). For modeling total survival, we also assessed various age groupings: subadult (age 2 -4 years) vs. adult (5 years or more); juvenile vs. non-juvenile; four age classes (cub-of-the-year or COY, yearling, subadult, adult); and the age classes used in Taylor et al. (2005) . We examined models for survival separately for male and female adults. Preliminary modeling results suggested the submodel ( females and young + subadult) best explained variation in recapture probability, and we therefore report only on models that include this specific submodel for recapture probability. Females (with or without dependent young) and dependent young (COY and yearling) were modeled together, yet were allowed to differ in their recapture probability from both subadults (of either sex) and adult males. We fixed the fidelity parameter at 1; we assumed all bears who emigrated did so temporarily. We implemented models in MARK (White and Burnham, 1999) , using the RMark interface (Laake and Rexstad, 2007) . We ran models with various combinations of the submodels for S, r, and the p submodel. We provide modelaveraged estimates of S and r from models with ΔAICc < 2.0 and sufficient change in deviance to constitute an important model (Arnold, 2010) . Natural survival was calculated (see above) from model-averaged estimates of S and r; the variance of S N was calculated using the delta method (Seber, 1982) :
We present data for adult females as representative for all sex and age classes, as their survival does not markedly differ from that of males; in addition, population growth, in general, is most sensitive to adult female survival.
To assess trend in optimal habitat during spring, we extracted daily sea ice concentration values from satellite passive microwave data available from the National Snow and Ice Data Center (Cavalieri et al., 2008) . We then Nunavut and Greenland (1979 -2009) . Systematic marking took place in 1974 -79, 1980 -85, 1989 -93, and 1994 -97 (with little effort in 1996 cf. Taylor et al., 2005) .
calculated sea ice concentration specifically for areas over the continental shelves (< 300 m in depth) of Baffin Island (42 282 km 2 ; biapriljune) and West Greenland (127 324 km 2 ; wglapriljune), since this habitat type has previously been defined as optimal habitat for polar bears (Durner et al., 2009 ). We calculated ice concentrations over these two areas for April, May, and June, the season in which polar bears intensively hunt pups of ringed seal (Pusa hispida). We used a break-point linear regression model to assess the trend(s) in the area-weighted average of these concentrations in both areas combined (West Greenland + Baffin Island; wglbiapriljune). We evaluated regressions for all possible years as break-points and chose the model with the lowest residual standard error.
We compared a null survival submodel without the broad effect of timeperiod, i.e., (season + juv + subadult), to models in which ice covariates were added iteratively (Arnold, 2010) . We examined the influence of the ice variables described above (biapriljune, wglapriljune, wglbiapriljune) and the following other metrics: the average daily ice concentration at peak ice concentration in March (icemarch); the average daily ice concentration between May and October from satellite passive microwave data (summerice; Rode et al., 2012; Peacock et al., in press) ; and the day of the year when ice concentration in Baffin Bay declines to a value below 50% (breakup; Stirling and Parkinson, 2006 ). Because survival is not a very sensitive population parameter for long-lived species, we reasoned that it would most likely vary with a cumulative change in environmental conditions. Therefore, we assessed variation in survival with respect to an average of each ice metric in the three years prior to survival estimation (this step required restricting the data set to begin in 1982, as ice data were available only starting in 1979). The importance of these models was assessed by evaluating ΔAICc with respect to the null model (Arnold, 2010) and with chi-square tests (α = 0.05) on the differences in model deviances.
In a separate analysis, we used data from 1979 -97 and estimated total survival (a) with recovery data only and (b) with both recapture and recovery data to compare the results of using harvest recovery data only (i.e., a situation comparable to 1998 -2009) and using recovery and recapture data combined. Differences in point estimates of survival derived from these two data sets can help interpret differences in survival estimates for the later time period in the new main analysis (2003 -09) , which is based on recovery data only. For this supplementary exercise, we used the competitive model from the main analysis (ΔAICc = 1.62) that used season in each of the submodels for S and r: S(season + juvenile + subadult + timeperiod)r(season + juvenile + nonjuv:male + timeperiod)p( femandyoung + subadult)F(1). The categories for timeperiod were slightly different, as we did not include data from 1998 to 2009.
Finally, in a fourth analysis, we examined the variance of total survival probability with respect to time since the last year of marking (1997). We added a time-varying element to the survival and recovery submodels so that the parameters are estimated with time bins before 1997, as in the primary analysis, but yearly from 1998 on. While this partial time-varying model-S(season + juv + subadult + timeperiod_time varying after 1997)r(season + juv + nonjuv:male + timeperiod_time varying after 1997) p( femandyoung + subadult)F(1)-is not a well-supported model in comparison to models that restrict survival and recovery to time bins, we use it heuristically to observe the pattern of variance with respect to time since marking.
RESULTS
We recorded the harvest of 99 polar bears originally marked in Baffin Bay in the 12 years (1998 -2009) since the last marking year (note that recoveries in 1998 were included in Taylor et al., 2005) . Of 306 marked bears recovered in the harvest during 1979 -2009 (Fig. 2b) , 18.3% (n = 56) were recovered from other populations outside of Baffin Bay and incorporated in the modeling (31 in Lancaster Sound, 18 in Davis Strait, 4 in Kane Basin, and 1 each in East Greenland, Foxe Basin, and M'Clintock Channel; Fig. 1 ).
The most competitive models (Table 1) for the estimation of survival, recovery, and recapture using all capture and recovery data from 1979 -2009 included factors similar to those found by Taylor et al. (2005) ; season of capture, time, and sex and age class explained important variation in the modeling of survival, recovery, and recapture (Table 2 ). Male and female adult bears differed only slightly in survival; sex appeared in the first model with ΔAICc = 1.8. We model-averaged natural and total survival parameter estimates from the top three competitive models (here we present only estimates for polar bears captured in the fall; Table 3 ). Time was an important variable describing variation in total survival (Table 2 , Fig. 3) ; total and natural survival are lower for the latest time period (β (2003 -09) = -2.07 (SE, 0.45); β/SE = -4.48) than for earlier time periods, although variance of these estimates is considerably higher. β/SE is presented (Table 2 ) as a ratio of signal to noise to indicate the strength of the influence of the variable on survival. Polar bears captured in the spring have lower total survival than those captured in fall (Table 2) . Current estimates (2003 -09) of natural and total survival of adult female polar bears captured in the fall were 0.871 and 0.859, respectively (Table 3) .
We fit a significant break-point regression to the trends of ice concentration over the continental shelves of Baffin Bay from 1979 to 2009 (April -June; F 3,27 = 23.14; R 2 = 0.72, p < 0.000). We found a significant declining trend in this metric (wglbiapriljune) since 1994 (t = 4.147, p = 0.003; Fig. 4 ). In our null-model approach, the survival submodel (season + juv + biapriljune) outperformed the null model (season + juv + subadult) (ΔAICc of null model = 1.82; Table 4), demonstrating a positive effect of spring ice concentration over the continental shelf of Baffin Island on polar bear survival (β biapriljune = 0.06 ± 0.03, SE). The variables wglbiapriljune, wglapriljune, icemarch, breakup, and summerice appear in models with ΔAICc < 2.0, but the differences in deviances from the null survival submodel (season + juv + subadult) are minimal (Table 4) .
Using the subset of data for the years when recapture efforts took place (1979 -97), we found no consistent pattern in the survival estimates derived from using recapture and recovery data versus recovery-only data (Fig. 5) . For the intensive marking period (1992 -97), we could not distinguish the point estimates of total survival for adult females from the two data sets (point estimates differ by 1.1%). However, in periods when the marking effort was less intense, the recovery-only data set gave lower point estimates (1.5% lower for 1979 -86 and 4.7% lower for 1987 -91).
Using the partial time-varying model, in which we allowed survival and recovery to vary annually only after the 1997 marking effort, variance of the estimates increased, as expected in theory (Fig. 6 ).
DISCUSSION
Our analysis suggests a decline in both total and natural survival of polar bears in Baffin Bay since the intensive TABLE 1. Model selection results for models with ΔAICc ≤ 2, fitted to mark-recapture-recovery data for polar bears in the Baffin Bay population (1979 -2009) . In model names, timeperiod denotes estimation of S and r for these time bins: 1979 -86; 1987 -94; 1995 -2002; 2003 -09 . The term nonjuv:male denotes the estimation of parameters that vary between sex for independent polar bears, whereas juv represents COY and yearlings (of both sexes). Season is the season (fall or spring) of capture. Sex is male vs. female. For all models, the submodel p was the same: ( femandyoung + subadult); femandyoung differentiates recapture rates of adult females and dependent young (whether adult females have young or not) from other bears; subadult denotes separate estimation of recapture rate (and survival rate) for subadult bears. For all submodels for fidelity, F (~1), indicates that fidelity is fixed at 1. Parameter estimates for total survival (S), recovery (r), and recapture (p) probabilities presented in this paper are model-averaged from estimates from models in this ) and natural (open circles) adult female survival estimates for polar bears captured in the fall and 95% confidence intervals from models (ΔAICc < 2) fitted to mark-recapturerecovery data for polar bears in the Baffin Bay population (1979 -2009). study in the 1990s (Taylor et al., 2005) . Because of attrition of marked bears, the variance around the new survival estimates is higher than that of estimates for the period of active marking (coefficient of variation is 6.0% vs. 2.5% for adult male total survival). These new estimates must therefore be interpreted cautiously. However, we suggest any information in the pattern of the recovery of 99 marked individuals over a decade after marking can at least provide contextual information. First, a decline in total survival is consistent with projections of population decline made from data on recorded harvest and from the natural survival and reproductive rates assessed in 1997 (Derocher et al., 1998; Lunn et al., 2002; Taylor et al., 2005; Aars et al., 2006; Obbard et al., 2010) . Second, a decline is consistent with previous studies documenting the relationship between decline in sea ice and survival in polar bears. Declines in survival in relation to declining ice habitat, likely due to reduced foraging opportunities or increased energy expenditures, have been found in some populations of polar bears where data are available (Regehr et al., , 2010 et al., in press). The concentration of optimal spring habitat for polar bears in Baffin Bay has significantly declined, most notably since the mid-1990s (Fig. 4) , and this decline constitutes a plausible hypothesis for a decline in population productivity. The apparent decline in natural survival also suggests that a decline in survival was not attributable to harvest only. Further, our null model approach suggests that the ice metrics explain some of the variation in polar bear survival encapsulated in the broader time variable. The cumulative effect of ice concentration over the Baffin Island continental shelf during spring showed the clearest positive influence on survival. This spring ice variable and other ice metrics did not explain variation in survival in the top models, which suggests that the broad time variable encompasses additional unmeasured and unknown influences on polar bear survival. It must also be stressed that the variance of the estimates of survival rates increased each year after the last marking period, with a substantial increase after the sixth year. Therefore, given this uncertainty, our study does not allow for conclusive results about the relationship between survival and loss of ice habitat in Baffin Bay. Rode et al. (2012) have demonstrated that declines in body condition of bears captured in Baffin Bay from the 1970s to the 2000s were significantly correlated with declines in summertime sea ice concentration; therefore, declines in natural survival may correspond to increased nutritional stress. Studies of traditional ecological knowledge have also reported observations from local Inuit hunters and elders of increasing instances of polar bears in Baffin Bay in poor body condition (Dowsley and Wenzel, 2008; Born et al., 2011) . Obbard et al. (2007) suggested that declines in body condition in southern Hudson Bay may precede declines in demographic parameters.
Our modeling exercise comparing analyses using recovery-only and recapture-and-recovery data suggests that a decline in the survival estimates is not due solely to the change in how marks were collected. In years with relatively greater numbers of marks in the population (1992 -97), survival rates from recovery-only and recapture-and-recovery data sets were indistinguishable. However, in years when fewer marks were available (as in 1999 -2009 in the present study), the point estimates of survival made using recoveryonly data were lower (Fig. 5) .
Our analysis showed that 56 of 309 harvested polar bears (18%) marked in Baffin Bay between 1979 and 2009 were harvested outside of Baffin Bay. In our study, we fixed the fidelity parameter at 1, and our estimates of survival could be biased low since survival includes both actual mortality and permanent emigration. Therefore, we also re-ran our top models allowing for the estimation of fidelity (best model with estimated F, ΔAICc = 1.86), and obtained an estimate of F of 0.990 (95% CI, 0.494 -0.999). In addition, we did not obtain discernibly different estimates of total survival when we allowed F to be estimated. Further, our understanding of polar bear movement leads us to believe that F is approximately 1, for these reasons: 1) the majority of bears harvested outside of Baffin Bay were harvested in neighboring populations (95%; in Davis Strait, Lancaster Sound, and Kane Basin); 2) of these bears, 77% were harvested during spring, and population distribution of polar bears during spring is different from that in the fall, when the majority (67%) of Baffin Bay polar bears were marked; 3) therefore, these harvest recoveries outside of Baffin Bay may represent seasonal migration, and not permanent emigration. We also found no pattern in the harvest of marked animals outside Baffin Bay over time. Thus, we also do not believe that the potential for change in population boundaries due to climate-induced change in sea ice habitat is an alternative explanation of our estimated declines in survival. However, we do note that polar bear population boundaries are porous, and it is important to include recoveries outside of the study area to provide the most accurate estimates of survival.
Incorporation of recovery of marked polar bears during mark-recapture studies (e.g., Taylor et al., 2005) allows for the differential estimation of natural and total survival. In this paper, we have shown that harvest recovery information collected after active marking ceases can continue to provide information on both natural and total survival. We suggest that our analysis provides empirical insight to inform the discussion on the appropriate frequency of mark and recapture efforts of polar bears and the utility of harvest recovery data acquired through community-based monitoring during periods of no marking effort. In this particular case for polar bears, in which approximately 43% of the population was marked during the last mark-recapture study (Taylor et al., 2005) , we suggest that additional information gained from these recovery data becomes less useful after five years because of increased variation in the parameter estimates. Thus, it would be necessary after this point to deploy additional marks in the population to provide robust information on survival. This period of time would undoubtedly differ among populations of polar bears depending on the degree of demographic isolation, as well as the absolute and relative sample size, of the marked population and harvest sample.
Collectively, Greenland and Canada have 14 populations of polar bears requiring monitoring, and thus a population inventory cycle is needed. We recommend that a study rotation cycle be based on intensive marking studies (physical or genetic marking, or both) of shorter duration (e.g., two years), which may permit shorter intervals between such studies (e.g., < 10 years) and systematic use of recovery data during and after periods of active marking for the annual estimation of survival. If intervals between intensive marking periods are extensive (e.g., 10 -15 years), survival estimates retain less validity because of rapidly changing environmental conditions, and scientists cannot take advantage of existing marks in the population. A multi-year genetic mark-recovery study in Baffin Bay commenced in 2011 to update population parameters (GN, unpubl. data; and GINR, unpubl. data) . Submission of tissue samples from harvested bears in Nunavut and Greenland will enable recovery of genetic marks from the harvest. An adaptive approach to deciding how often marking studies are needed (Vongraven et al., in press) could include a program of annual ice monitoring in which dramatic changes in sea ice habitat would trigger a more rapid return to intensive marking of polar bears.
